Abstract: Aerated treatment wetlands have become an increasingly recognized technology for treating wastewaters from domestic and various industrial origins. To date, treatment wetland aeration is provided by air pumps which require access to the energy grid. The requirement for electricity increases the ecological footprint of an aerated wetland and limits the application of this technology to areas with centralized electrical infrastructure. Wind power offers another possibility as a driver for wetland aeration, but its use for this purpose has not yet been investigated. This paper reports the first experimental trial using a simple wind-driven air pump to replace the conventional electric air blowers of an aerated horizontal subsurface flow wetland. The wind-driven air pump was connected to a two-year old horizontal flow aerated wetland which had been in continuous (24 h) aeration since startup. The wind-driven aeration system functioned, however it was not specifically adapted to wetland aeration. As a result, treatment performance decreased compared to prior continuous aeration. Inconsistent wind speed at the site may have resulted in insufficient pressure within the aeration manifold, resulting in insufficient air supply to the wetland. This paper discusses the lessons learned during the experiment.
Introduction
Aerated treatment wetlands have become an increasingly recognized technology for treating wastewaters from domestic and various industrial origins under different climate conditions [1] [2] [3] [4] [5] . The main advantage of this technology is its high oxygen supply to the microbial community present, which enables increased rates of aerobic microbial degradation of pollutants. As wastewater discharge standards become increasingly stringent, aerated treatment wetlands offer effective removal of key pollutants such as organic carbon, ammonium nitrogen, and pathogens [6] [7] [8] [9] and also have a reduced land requirement compared to conventional treatment wetland designs [10] . Aerated treatment wetlands have higher operation costs compared to passive treatment wetland designs. However, compared to a conventional activated sludge wastewater treatment technology, aerated wetlands have lower operation costs [11] .
Electrical energy is the conventional source of power for air blowers in aerated treatment wetlands. The source of the electrical energy, which is often fossil fuels, affects the ecological footprint of the treatment system. Several attempts have been made to decrease the energy demand for air supply by using intermittent [12] [13] [14] and spatial [15] aeration patterns. Aerated wetlands require the existence of centralized electrical infrastructure in order to operate. However, access to the energy grid may not be available in remote areas such as campgrounds, rural communities, or in less developed countries. When considered in conjunction with the concept of decentralized wastewater treatment, effective wastewater treatment technologies that can be operated without a connection to the energy grid are advantageous. Locally available renewable energy should be exploited wherever possible.
Wind power offers a promising possibility for wetland aeration but its use in this context has not yet been investigated. Electricity production from wind power generally occurs only on a large scale. Thus, an aerated wetland driven by electrical energy from wind power would still require some sort of infrastructure to be connected to the grid. On the contrary, small-scale mechanical wind power stations are readily available on the market and are often, for example, used to aerate fish farm ponds. Qin et al. [16] reports the use of such a device to drive a reverse osmosis system treating aquaculture wastewater. This demonstrates that the concept of decentralized energy production to operate decentralized wastewater treatment systems is plausible, and thus could also be applied to aerated treatment wetlands.
From an economic perspective, the concept of wind-powered aeration simply sees the transfer of the cost associated with the purchase of the electric pump and the cost of electricity and maintenance over the life of the system replaced with the capital cost of the wind-powered air pump. Depending on the life span of an aerated treatment wetland, wind-powered aeration could be economically favorable over the long term. In theory, small-scale wind power stations could be constructed with local materials and should be specifically adapted to wetland aeration, further improving the ecological and economical sustainability of the treatment system. Wind speed fluctuations are likely to result in intermittent aeration, which has been shown to improve total nitrogen removal [12] [13] [14] , and thus perhaps not be a detriment to treatment.
Aerated treatment wetlands are generally operated with saturation and configured as either horizontal or vertical flow. The internal hydraulics of these two designs are different. Aerated vertical down-flow systems have been reported to be extremely well mixed along the vertical direction, as a result of the counter-movement of water and air, and exhibit hydraulics similar to that of one continuously stirred tank reactor [12] . Horizontal flow wetlands, on the other hand, exhibit hydraulics similar to that of three to five tanks-in-series, which is due to the different dimensions of the wetland and the fact that the direction of flow and the movement of air bubbles are perpendicular to one another [17] . In the end, the variation in the distribution of retention times in horizontal systems is smaller, which reduces the possibility of inflow to be transferred to the outlet too quickly. Therefore, the hydraulic behavior of a horizontal-flow aerated wetland will effectively reduce the risk of short-circuiting. This may be important to consider for a treatment wetland with a wind-driven aeration system with respect to variable wind speeds. For this reason, the investigation was performed on a horizontal-flow aerated wetland.
In order to retain the benefits of wetland aeration while eliminating the need for ongoing electricity costs, the current study investigated a wind-powered mechanical air pump that replaces the electrical-driven aeration device of an aerated horizontal subsurface flow wetland. The main objectives of this study were to assess the suitability of a wind-driven air pump for a horizontal aerated wetland treating primarily settled domestic sewage, and to compare treatment performance of a wind-driven aerated wetland to that of a wetland aerated continuously with an electric-powered air pump regarding the removal of organic carbon, nitrogen and pathogens. This paper will discuss the lessons learned during the experiment and the challanges of wind-driven wetland aeration.
Materials and Methods

Experimental Design
The experimental work was conducted at the Ecotechnology Research Facility of the Helmholtz Center for Environmental Research (UFZ) in Langenreichenbach, Germany. The site description is provided in detail in Nivala et al. [18] . In principle, the experiment consisted of three monitoring phases of the same aerated treatment wetland: (1) continuous 24 h aeration provided by two electricity-powered air pumps; (2) wind-powered aeration at the original hydraulic loading rate, and (3) wind-powered aeration at a reduced hydraulic loading rate. The basic setup of the experimental pilot system is shown in Figure 1 . The aerated wetland system measured 1.2 m in width by 4.7 m in length with a saturated depth of 1 m. The bed media was gravel (8-16 mm as main media, 16-32 mm in the inlet and outlet zones). The system was not planted with any vegetation. Aeration was provided by an aeration system according to Wallace [19] . During phase one, electric aeration was realized using two diaphragm pumps (Mistral 2000, Aqua Medic, Bissendorf, Lower Saxony, Germany). Pretreatment of raw domestic wastewater was achieved in a settling tank with a nominal hydraulic retention time (nHRT) of 3.5 days. The settled sewage was then pumped every 30 min to the experimental system, at a daily hydraulic loading rate of 130 L·m 
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Experimental Design
The experimental work was conducted at the Ecotechnology Research Facility of the Helmholtz Center for Environmental Research (UFZ) in Langenreichenbach, Germany. The site description is provided in detail in Nivala et al. [18] . In principle, the experiment consisted of three monitoring phases of the same aerated treatment wetland: (1) continuous 24 h aeration provided by two electricity-powered air pumps; (2) wind-powered aeration at the original hydraulic loading rate, and (3) wind-powered aeration at a reduced hydraulic loading rate. The basic setup of the experimental pilot system is shown in Figure 1 . The aerated wetland system measured 1.2 m in width by 4.7 m in length with a saturated depth of 1 m. The bed media was gravel (8-16 mm as main media, 16-32 mm in the inlet and outlet zones). The system was not planted with any vegetation. Aeration was provided by an aeration system according to Wallace [19] . During phase one, electric aeration was realized using two diaphragm pumps (Mistral 2000, Aqua Medic, Bissendorf, Lower Saxony, Germany). Pretreatment of raw domestic wastewater was achieved in a settling tank with a nominal hydraulic retention time (nHRT) of 3. The wind-driven air pump was a conventional six-blade wind rotor (d = 1.5 m, collar height = 3 m) with a piston pump that was mechanically connected through a bevel drive. Polyethylene (PE) pipes (d = 32 mm) were used to couple the piston pump to the aeration system.
Monitoring of the experimental wetland was conducted from August 2010 to August 2014. In July 2012, the aeration device of the test system was changed from the electrical blower to the wind-driven air pump. 
Experimental Procedure
Wind Speed and Air Flow Measurement
Measurement of wind speed was recorded as 10 min averages during the entire monitoring period by a weather station (3.5 m above the ground) at the experimental site. Evaluating the relationship between the air flow generated by the wind-driven air pump at a certain level of wind speed was not straightforward. Such a small wind power station is easily affected by quick and/or intense changes in wind speed and direction. Sometimes the wind rotor juddered around like a flag in the wind. The direct mechanical coupling to the piston pump transferred this fluctuation to the generated air flow, which contributes to the existing variability in air flow rate that results from the The wind-driven air pump was a conventional six-blade wind rotor (d = 1.5 m, collar height = 3 m) with a piston pump that was mechanically connected through a bevel drive. Polyethylene (PE) pipes (d = 32 mm) were used to couple the piston pump to the aeration system.
Monitoring of the experimental wetland was conducted from August 2010 to August 2014. In July 2012, the aeration device of the test system was changed from the electrical blower to the wind-driven air pump. The hydraulic loading rate of 130 L·m −2 ·d −1 remained the same. In August 2013, the hydraulic loading rate was reduced to 65 L·m −2 ·d −1 .
Experimental Procedure
Wind Speed and Air Flow Measurement
Measurement of wind speed was recorded as 10 min averages during the entire monitoring period by a weather station (3.5 m above the ground) at the experimental site. Evaluating the relationship between the air flow generated by the wind-driven air pump at a certain level of wind speed was not straightforward. Such a small wind power station is easily affected by quick and/or intense changes in wind speed and direction. Sometimes the wind rotor juddered around like a flag in the wind. The direct mechanical coupling to the piston pump transferred this fluctuation to the generated air flow, which contributes to the existing variability in air flow rate that results from the up-and-down motion of the piston. A thermal mass flow meter (TSI 4043, TSI GmbH, Aachen, Northrhine-Westfalia, Germany) combined with a high-resolution data logger with a sampling frequency of 32 Hz (HandyLogV/C -rugged-, Driesen+Kern GmbH, Bad Bramstedt, Schleswig-Holstein, Germany) was used to assess air flow rates. For the measurements, the air pump was connected to a pipe with an open end, in order to make a measurement without the back pressure of the wetland aeration system. Several technical and logistical difficulties did not allow the quantification of the air flow while the wind-driven pump was connected to the wetland aeration system. A measurement campaign consisted of several days of monitoring air flow and wind speed simultaneously, which sometimes included a couple of days waiting for wind.
Sampling and Water Quality Analysis
For logistical reasons, a quasi-weekly sampling routine was established. Grab samples were taken from the influent and effluent of the experimental treatment wetland and analyzed for redox potential (ORP, Multi 350i, SenTix ® ORP, WTW, Weilheim, Bavaria, Germany), dissolved oxygen (DO, Multi 350i, CellOx 325, WTW, Weilheim, Bavaria, Germany), five-day carbonaceous biochemical oxygen demand (CBOD 5 , DIN 38409 H52, OxiTOP ® , WTW, Weilheim, Bavaria, Germany), total organic carbon (TOC, DIN EN 1484, TOC-VCSN, Shimadzu Deutschland GmbH, Duisburg, Northrhine-Westfalia, Germany), total nitrogen (TN, DINEN 12660, TNM-1, Shimadzu Deutschland GmbH, Duisburg, Northrhine-Westfalia, Germany), ammonia nitrogen (NH 4 -N, DIN 38 406 E5, EPOS ANALYZER 5060, Eppendorf AG, Hamburg, Germany), nitrate nitrogen (NO 3 -N, DIN 38 405 D9, EPOS ANALYZER 5060, Eppendorf AG, Hamburg, Germany), and E. coli (Colilert-18 Quanti-Tray™, IDEXX Laboratories Inc., Westbrook, ME, USA). Inflow and outflow were measured with a magnet inductive flow meter (Promag 10, Endress+Hauser Messtechnik GmbH+Co. KG, Weilam Rhein, Baden-Württemberg, Germany) and a tipping counter, respectively.
Data Processing
Influent and effluent concentration data was screened for outliers. Outliers were defined as data related to infrastructure malfunctions and/or sampling errors, and were identified using time series plots of the corresponding water quality parameters. Detection limits for CBOD 5 , NH 4 -N and NO 3 -N were 0.3, 0.03, and 0.02 mg·L −1 respectively. For data processing, results reported as below detection limit were replaced with the value of the corresponding detection limit. This approach, if anything, slightly underestimates treatment performance of the system. Missing values which were a result of the quasi-weekly sampling schedule and/or due to infrastructure malfunctions were not considered as problematic as only simple descriptive statistics and time series plots were applied for the data analysis. Information about data below detection limit and number of outliers can be reviewed in Table S1 . The regression analysis of the air flow measurement data was done in the statistic environment R version 3.1.2 [20] using the package segmented [21] .
Results
Wind Speed Distribution at Experimental Site
On a yearly basis, the average wind speed varied from 0 to 7 m·s −1 with an overall mean of around 3 m·s −1 and maximum values in the range of 8-15 m·s −1 . The wind speed time series exhibits slightly lower average values during summer compared to winter seasons (Figure 2a) . Figure 2b shows the wind speed distribution during September 2013. This monthly pattern shows a constant wind speed fluctuation with a mean of 4 m·s −1 and fluctuations between 0 and 10 m·s −1 . A divergence from this pattern can be identified in the first and last week of the presented month. Figure 2b shows that the speed and duration of the wind differs greatly from one day to another. This is also observed in the hourly wind data shown in Figure 2d . Overall, most wind occurs during the daytime. In general, the distribution of wind speed at the site can be termed as highly variable, containing maximum values of 20 m·s −1 ; however, the long-term average wind speed is quite low. The strongest fluctuations in wind speed were observed on a daily and hourly basis. containing maximum values of 20 m•s −1 ; however, the long-term average wind speed is quite low. The strongest fluctuations in wind speed were observed on a daily and hourly basis. 
Air Flow Measurement
The air flow generated by the wind-driven piston pump and the wind speed are positively correlated. This correlation shows a breakpoint at a wind speed of around 5 m•s −1 . The rate of increase of air flow over wind speed declines with wind speeds greater than 5 m•s −1 , which might be caused by a stall effect on the rotor blades. A stall effect is a common phenomenon in fluid dynamics of wind rotor blades [22] ; it describes the demolition of an air flow on a wing above a certain threshold wind speed. A segmented regression with two linear parts was fit to the data; the breakpoint was identified at a wind speed of approximately 5.4 m•s −1 as indicated in Figure 3 . The regression line in Figure 3 also shows that a minimum wind speed is required in order to produce any significant air flow. The maximum measured air flow was approximately 2200 NL•h −1 at a wind speed of 9.5 m•s −1 . Remembering that the wind speed at the site fluctuated from 0 to 7 m•s −1 on average, a range of airflows from 1000 to 1800 NL•h −1 can be expected if the back pressure of the aeration system is neglected. Unfortunately, the aeration system does exert a back pressure, which is a result of frictional losses and the hydrostatic pressure of the water level. This implies a reduction in actual air flow delivered to the wetland. It also means an effective increase of the threshold wind speed required to initiate a significant air flow into the wetland. Boog [17] estimated that after considering these losses, the air volume reaching a small-scale aerated wetland is approximately 50% of the maximum value (listed, for example, on the manufacturer specification sheet). Considering the pump specifications used in Boog [17] , the reported flow loss would correspond to a 
The air flow generated by the wind-driven piston pump and the wind speed are positively correlated. This correlation shows a breakpoint at a wind speed of around 5 m·s −1 . The rate of increase of air flow over wind speed declines with wind speeds greater than 5 m·s −1 , which might be caused by a stall effect on the rotor blades. A stall effect is a common phenomenon in fluid dynamics of wind rotor blades [22] ; it describes the demolition of an air flow on a wing above a certain threshold wind speed. A segmented regression with two linear parts was fit to the data; the breakpoint was identified at a wind speed of approximately 5.4 m·s −1 as indicated in Figure 3 . The regression line in Figure 3 also shows that a minimum wind speed is required in order to produce any significant air flow. The maximum measured air flow was approximately 2200 NL·h −1 at a wind speed of 9.5 m·s −1 . Remembering that the wind speed at the site fluctuated from 0 to 7 m·s −1 on average, a range of airflows from 1000 to 1800 NL·h −1 can be expected if the back pressure of the aeration system is neglected. Unfortunately, the aeration system does exert a back pressure, which is a result of frictional losses and the hydrostatic pressure of the water level. This implies a reduction in actual air flow delivered to the wetland. It also means an effective increase of the threshold wind speed required to initiate a significant air flow into the wetland. Boog [17] estimated that after considering these losses, the air volume reaching a small-scale aerated wetland is approximately 50% of the maximum value (listed, for example, on the manufacturer specification sheet). Considering the pump specifications used in Boog [17] , the reported flow loss would correspond to a back pressure of the aeration system (including the hydrostatic pressure of the water column) of approximately 180 mbar. These losses are only further exacerbated for a wind-driven air pump. Air flow by the electric aeration system during phase one was not measured directly but can be inferred from Boog [17] , who measured the air flow rate of two electric air pumps of the same type as in this study, in a planted replicate wetland at the same site as in this study to approximately 1000 NL•h −1 each. This translates to an estimate of 2000 NL•h −1 of air flow generated by electric aeration during phase one.
Treatment Performance of the Experimental System
The influent wastewater exhibits typical characteristics of primary settled domestic wastewater, including a low redox potential as well as low dissolved oxygen and nitrate nitrogen content, and high concentrations of organic carbon, ammonia nitrogen, and the pathogen indicator organism E. coli (Table 1) . Referring to the time series plots in Figure 4 , it can be seen that the water quality of the influent fluctuates over time. CBOD5, TOC, E. coli, and DO concentrations oscillate around a stable central tendency over the period of record. A slight increase in total nitrogen and ammonia nitrogen is visible between 2010 and 2013. In 2013, an additional chamber was installed into the septic tank in order to provide a longer retention time during primary treatment.
During the period from August 2010 to August 2012, the wetland system was equipped with electric aeration pumps that ran 24 h•d −1 . During this time, the wetland consistently produced a high-quality effluent (low carbon, complete nitrification). This is reflected in mean outflow levels of [12] and Foladori [8] report similar findings. It is quite likely that simultaneous nitrification-denitrification induced by non-uniform oxygen distribution, non-aerated micro zones, and/or biofilm layering took place. The probability of a potential volatilization of ammonia as a contribution to TN removal is quite low owing to constant effluent pH levels of approximately 7. These results are in agreement with other studies such as Boog [17] , Headley et al. [3] , Labella et al. [1] , and Nivala et al. [23] , which report a similar treatment performance for carbon, nitrogen, and pathogen removal in aerated treatment wetlands. Air flow by the electric aeration system during phase one was not measured directly but can be inferred from Boog [17] , who measured the air flow rate of two electric air pumps of the same type as in this study, in a planted replicate wetland at the same site as in this study to approximately 1000 NL·h −1 each. This translates to an estimate of 2000 NL·h −1 of air flow generated by electric aeration during phase one.
The influent wastewater exhibits typical characteristics of primary settled domestic wastewater, including a low redox potential as well as low dissolved oxygen and nitrate nitrogen content, and high concentrations of organic carbon, ammonia nitrogen, and the pathogen indicator organism E. coli (Table 1) . Referring to the time series plots in Figure 4 , it can be seen that the water quality of the influent fluctuates over time. CBOD 5 , TOC, E. coli, and DO concentrations oscillate around a stable central tendency over the period of record. A slight increase in total nitrogen and ammonia nitrogen is visible between 2010 and 2013. In 2013, an additional chamber was installed into the septic tank in order to provide a longer retention time during primary treatment.
During the period from August 2010 to August 2012, the wetland system was equipped with electric aeration pumps that ran 24 h·d −1 . During this time, the wetland consistently produced a high-quality effluent (low carbon, complete nitrification). This is reflected in mean outflow levels of 3.1 mg·L −1 of CBOD 5 , 12.8 mg·L −1 TOC, 43.2 mg·L −1 TN, and 0.1 mg·L −1 NH 4 -N, as well as 8.0 mg·L −1 DO, 38.7 mg·L −1 NO 3 -N, and a redox potential of 211.7 mV. Additionally, the wetland eliminated approximately four orders of magnitude of E. coli, down to an average effluent concentration of 2.8 log 10 (MPN 100 mL −1 ). Total nitrogen concentration removal was approximately 53%-this means that denitrification may have taken place despite the fact of continuous aeration in space and time. Boog [12] and Foladori [8] report similar findings. It is quite likely that simultaneous nitrification-denitrification induced by non-uniform oxygen distribution, non-aerated micro zones, and/or biofilm layering took place. The probability of a potential volatilization of ammonia as a contribution to TN removal is quite low owing to constant effluent pH levels of approximately 7. These results are in agreement with other studies such as Boog [17] , Headley et al. [3] , Labella et al. [1] , and Nivala et al. [23] , which report a similar treatment performance for carbon, nitrogen, and pathogen removal in aerated treatment wetlands. In August 2012, the electrical air pump was replaced by the wind-driven air pump. Figure 4 shows the change in effluent water quality after installation of the wind-powered pump. Nitrification ceased, and CBOD 5 , TOC, and E. coli effluent concentrations increased. Effluent dissolved oxygen concentrations dropped to approximately 3 mg·L −1 ; the remaining DO could be a result of the effluent sample collection. Effluent samples were taken from inside the control building, rather than directly from the wetland. A possible reaeration while passing from the wetland effluent pipe to the sampling location may have influenced the dissolved oxygen concentration in the effluent.
The change in treatment performance was rather rapid for TN, NH 4 -N, NO 3 -N, and E. coli. On the contrary, the decreased performance for CBOD 5 and TOC, as well as the drop in redox potential and dissolved oxygen concentrations, occurred more slowly. It is interesting that the transition period of CBOD 5 , ORP, DO, and redox potential is characterized by high fluctuations. A possible reason for this may be that the wind-driven air pump generated an unsteady supply of air during the first two months of operation. This could have served at least for a temporal partial removal of organic carbon (nitrification was probably inhibited due to faster growth of heterotrophic organisms in oxygen-limited environments). As time passed, the efficiency of the wind-driven air pump may have changed, resulting in a further decline in treatment performance. The aeration lines may have experienced accumulation of sludge which in turn could have increased the counter pressure, further hindering aeration. The treatment performance did not recover during the rest of the time the wind-driven air pump was in operation. In August 2013, after a year of less than optimal results, the hydraulic loading rate was reduced by 50%. Unfortunately, treatment performance did not improve. The water quality data indicates that the decrease in treatment performance was caused by a lack of oxygen, pointing to problems with implementation and/or operation of the wind-powered air pump. The treatment performance did not recover during the rest of the time the wind-driven air pump was in operation. In August 2013, after a year of less than optimal results, the hydraulic loading rate was reduced by 50%. Unfortunately, treatment performance did not improve. The water quality data indicates that the decrease in treatment performance was caused by a lack of oxygen, pointing to problems with implementation and/or operation of the wind-powered air pump.
Discussion
By switching from electrical to wind-driven aeration, treatment performance of the aerated wetland decreased quickly. Treatment performance became oxygen-limited. It is possible that the wind-driven air pump temporarily provided aeration to the wetland for a short period of time, but it is clear that over the longer term the efficiency of the aeration system was poor. The aeration system of wetlands operating with an electrical air pump can be visually checked by digging a hole into the gravel, exposing the water level, and waiting to observe air bubbles rising to the surface. During the two years of wind-powered aeration, very few (if any) air bubbles could be observed coming from the wind-powered air pump, even on a windy day.
The counter-pressure in the aerated wetland is already quite high and reduced the air flow by approximately 50% under continuous electric aeration, which corresponds to a back pressure of approximately 180 mbar. The orifices of the aeration lines do not prevent water entrance from outside if the counter pressure is not compensated. In the end, the wind-powered air pump, which was unsteady as a result of fluctuating wind speeds, may have not provided enough pressure to clear this water out of the aeration lines. Additionally, the decreased treatment performance might have resulted in an accumulation of sludge in the aeration lines which could have increased the necessary air pressure to clean the lines and in turn further inhibited aeration, resulting in an unfavorable feedback loop. This may especially be a problem during long periods without wind. Under the absence of any counter-pressure, as during the air flow measurement, the wind power system was capable of producing a significant air flow. Unfortunately, it proved not to be powerful enough with respect to the fact of the counter-pressure from the aeration system. It also has to be taken into account that the location of the experimental site Langenreichenbach in Germany is not a location known to be especially windy.
When aiming to use a wind power station for wetland aeration, the distribution of wind speed at the site of interest must be examined to determine whether or not the site is suitable for such a device. Special attention should focus on the minimum wind speed during a time frame which would allow sufficient aeration for removal of organic carbon and ammonia nitrogen. Sites having periods without any significant wind on a daily basis are not particularly suitable for wind-driven aeration.
The wind-powered air pump technology itself is of great importance. The pump capacity curve of a certain wind-driven air pump with respect to counter-pressure and wind speed should be known or examined in advance to a potential application. If an air pump cannot overcome the approximately 180 mbar of combined pressure losses in the aeration lines including the hydrostatic pressure of the water column, air will not be delivered to the wetland. The further increase of this pressure loss due to water entrance during phases without air flow as a result of wind speed below a minimum level might be prevented by using a non-return valve in the aeration lines. A piston pump is probably a decent choice from the perspective of air flow generation. In this study, the wind power station which drove the piston pump had a conventional six-blade rotor with a horizontal collar. When conducting an experiment under similar wind speed conditions, it might by more suitable to use a Savonius rotor, which (due to its vertical collar construction) may be more effective at low wind speeds and will function regardless of any changes in wind direction. Further adaptations of wind-powered equipment to wetland aeration should result in performance improvements compared to the current study. It might also be favorable to use a wind power system with a higher collar height, such as 15 m, to catch the wind well-above obstacles such as buildings and trees.
The potential accumulation of sludge in the aeration lines should also be considered. In this study, the hydraulic loading rate of the wetland was not changed when moving from the 24-h electrical air pump to the intermittently operating wind-powered air pump. Taking this into account, it would be advisable to start with a lower loading rate to reduce the inflow oxygen demand. At the same time, this might be favorable to increase the hydraulic retention time to span it beyond the mean duration of non-windy conditions. Finally, such technology may be better suited as a polishing (tertiary) treatment step as opposed to secondary treatment.
Using small-scale wind power stations to generate and store electrical energy for the supply of electric air blowers might be another interesting concept for wetland aeration. This concept, including a battery system for energy storage, could be able to overcome the problem of longer periods without a minimum wind speed necessary to operate the wind power station. Here, the challenge is to find a wind power station which, at the same time, is able to provide a certain amount of electrical energy to supply the electric air pumps and to store excess energy in the battery. The battery will have to have a storage capacity which allows the supply of a certain amount of electrical energy during a maximum time period without the minimum wind speed. The battery should also be able to recharge during a minimum time period with the minimum wind speed. The technical realization of this concept may have to be extended to a voltage transformer, as commercially available equipment of a wind power station, battery, and air pump have different requirements of electrical parameters such as in-and output voltage and current. So far, the use of a wind power station to generate electrical energy for driving conventional air pumps is an interesting, but more complex, aeration concept compared to a mechanical wind-driven air pump.
Conclusions
This study reports the first application of a wind-driven air pump for the aeration of a treatment wetland treating domestic wastewater. After switching from electrical to wind-driven aeration, the treatment performance of the pilot system deteriorated quickly to a level of a passive horizontal subsurface flow wetland. Reducing the hydraulic loading rate by 50% did not improve treatment performance. Water quality results indicate that the wind-driven air pump did not have the capacity to provide the required amount of oxygen equivalent to continuous aeration under the experimental conditions. Yet under different conditions and with adaptations of the wind-powered equipment to wetland aeration systems, the principle may succeed. In general, a potential wind-driven air pump would have to compensate a pressure loss of approximately 180 mbar at a minimum wind speed and should be equipped with a non-return valve.
Another potential concept could make use of small-scale wind-power devices to generate electrical energy to supply conventional electrical air pumps. This option allows energy storage using batteries and may overcome the problem of no aeration during long periods without wind.
Further research in this context should focus on (1) prior characterization of the onsite wind speed distribution; (2) prior assessment of the potential for wind-driven air pumps to provide an air flow at a given wind speed and counter-pressure or the potential for a wind-power station to generate electricity at a certain level of wind speed and a battery with the capacity to store energy for a certain time period; and (3) considering trials with a lower hydraulic loading rate or for treating wastewater with a lower influent oxygen demand.
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